In the sedimentary record of the permanently anoxic Drammensfjord, a suite of lipid biomarkers that are derived from the unicellular alga Botryococcus braunii, botryococcenes, is present in varying amounts, but absent in sediments deposited after 1850 AD. The disappearance is concurrent with the industrialization of saw-mills and the introduction of paper and pulp mills along the river Drammen and upstream water bodies, and the related increase of anthropogenic eutrophication. Because of the preference of this alga for oligotrophic conditions, a direct correlation between these two events is inferred. This implies that the disappearance of the botryococcenes can serve as palaeoenvironmental indicator for early eutrophication. This may be a useful tool in the ongoing research to unravel the response of natural systems to climatic, geophysical or anthropogenic changes. 
Introduction
In the last decades, the extent and impact of man-induced eutrophication of coastal waters has been an important issue in environmental research [e.g. Pätsch and Radach, 1997; Zimmerman and Canuel, 2000] . However, naturally occurring variations in climate, geophysical setting or other environmental parameters can also influence coastal waters and their trophic state [e.g. Nordberg et al., 2001; Kalis et al., 2003] . It is often difficult to separate natural variations from anthropogenically induced effects [e.g. Hulme et al., 1999; Sullivan et al., 2001; Kalis et al., 2003] . A recurring problem is that environmental monitoring started only in the second half of the 20 th century. For instance, eutrophication of the North Sea was only widely recognized in the 1980's [Pätsch and Radach, 1997] so that historical records of the natural situation are scarce. However, the ecological history of the coastal environment is reflected in the composition of organic matter in their sediments [e.g. Struck et al., 2000] . By tracking the occurrence and amount of compounds (biomarkers) that are specific for organisms sensitive to environmental change, ecological variations through time may be reconstructed [e.g. Ficken and Farrimond, 1995] . In this respect, anoxic basins and fjords are especially useful, because these sediments are not affected by bioturbation and organic matter degradation rates are relatively low [e.g. Degens and Stoffers, 1976; Kemp, 1996; Werne et al., 2000] .
The South Norwegian Drammensfjord (Fig. 6 .1) is an anoxic fjord that has suffered from anthropogenic eutrophication [Alve, 1991] . To determine to what extent this influenced the original ecology, the biomarker record of this fjord was investigated. A particularly informative group of biomarkers present is that of the alkylated isoprenoidal hydrocarbons known as botryococcenes derived from the green unicellular algae Botryococcus braunii race B [Metzger et al., 1991] . Although the presence of these lipids in sediments have so far been regarded as an indicator for freshwater conditions [e.g. Tyson, 1995b; Kunz-Pirrung, 1999; Matthiesen et al., 2000] , this paper discusses its potential wider use as a proxy for oligotrophy.
Setting
The Drammensfjord is a Northwest trending 20 km long and 1.6-3.0 km wide basin separated from the greater Oslo fjord by a 10 m deep sill at Svelvik (Fig. 6.1 ). The bottom topography is even, with southwards increasing water depths to a maximum of 124 m near the sill. At the head of the fjord, fresh water of the river Drammen enters the basin resulting in a positive water balance. Mixing of this water with the marine fjord waters leads to a brackish surface water layer (salinity 1-10 ‰, depending on the season), which is separated from saline bottom water (30.5 ‰) below 40 m by a transitional layer (Fig. 6 .1) [Alve, 1990] . The positive water balance and shallow sill prevents frequent deep water renewals and, combined with the availability of degradable organic matter, this leads to anoxic and sulfide-bearing (euxinic) bottom waters. Bottom water renewals occur once every 3-5 years, mainly between November and May, displacing the euxinic water upwards [Richards, 1965; Alve, 1995] . Depending on the amount of introduced oxygenated water, it takes several weeks to months to restore euxinic bottom water conditions completely. However, because this restoration starts at the bottom of the fjord [Richards, 1965] , the fjord sediment is never exposed to oxygen for longer than a few weeks over several years. This implies that benthic life is limited to microorganisms and that the laminated sedimentary structure and biomarker record is well preserved.
Since at least 1750 AD, the fjord has been increasingly affected by sawdust and woodchips from sawmills [Alve, 1990; 1991 and references therein] along the river Drammen and upstream fresh water bodies. After 1870 AD, a number of paper and pulp mills were established, and in the 20 th century the supply of organic matter to the fjord increased even more. During the first half of the 1970's most of the paper industry was closed down which decreased the fiber supply. However, domestic and agricultural contributions to the organic matter and nutrient load had increased drastically by that time [Richards and Benson, 1961; Alve, 1991] . Regulations of the river water in the last 60 years have smoothed the annual fresh water supply to the fjord by reducing the effect of spring flooding and increasing the winter supply. This replaced the minimum fresh water supply from winter to late summer and increased the residence time of the surface water during summer.
Sampling and methods

Sediment collection and sub-sampling
A suite of box, gravity and piston cores was recovered from three locations in the Drammensfjord during a cruise in October 1999 with the R/V 'Pelagia', of which one piston core taken from the depocenter of the fjord (Fig. 6.1 ) was selected. The uppermost section of this core, with a length of approximately one meter, was sliced into two halves and photographed for gray-scale analysis. From one half, sub-samples were taken for bulkdensity measurements. Depending on sediment color and laminae thickness, the other half was sub-sampled into subsections ranging between 0.5 and 7 cm thickness ( Fig. 6 .2), which were subsequently freeze-dried. Approximately half of these sub-samples, evenly distributed over the core, were ground for geochemical analysis. Surface sediment samples with a 0.5 cm depth interval were obtained by slicing a box core sediment immediately after recovery, which were subsequently stored on board at -20°C and later freeze-dried in the laboratory. These samples were used to determine accumulation rates using 210 Pb.
Bulk analyses and dating
Total organic carbon contents (TOC) and nitrogen (TN) contents were determined on acidtreated (1N HCl, 12 h.) sediment sub-samples using a LECO Element Analyzer. For dating purposes, the 210 Pb activities of sub-samples of the piston core at 0 -5 cm, 7.5 -12 cm and at 85.5 -88 cm were determined and compared with the 210 Pb activity profile determined on a box core sediment. The sub-sample at 0 -5 cm contained a piece of plastic. A woodchip and a small twig were recovered from the sediment at respectively 11-12 cm and 94 cm depth, and were both radiocarbon dated. Radiocarbon ages were calibrated towards calendar ages by using the atmospheric calibration curve of Stuiver et al. [1998a] . A detailed account on the dating methodology is described in Chapter 6.
Biomarker analysis
Sediment subsamples were freeze-dried and extracted with organic solvents as in chapter 6. Aliquots of the total lipid extracts were fractionated into an apolar and a polar fraction by column chromatography over Al 2 O 3 with respectively a hexane:dichloromethane (9:1 v/v) mixture and a dichloromethane:methanol (1:1 v/v) mixture. The total lipid extract of the 85.5 -88 cm sediment sample was fractionated into three fractions by first using pure hexane as eluent before applying the other two solvent mixtures, resulting in two apolar fractions (A1 and A2) and a polar fraction (P). For quantification, a known amount of deuterated ante-iso C 22 alkane was added as an internal standard to weighed aliquots of the total lipid extracts. For structural analysis of the carbon skeletons of unsaturated hydrocarbons present in the apolar fractions, an aliquot of the A1 fraction of the 85.5 -88 cm sediment sample was subjected to hydrogenation in order to obtain saturated products. The fraction was dissolved in ethyl acetate with ca. 100 mg PtO 2 and a few droplets of acetic acid, subsequently flushed with H 2 (g) for 1 h. and stirred overnight. The hydrogenated fraction was then eluted with DCM over a small column containing anhydrous MgSO 4 (s) and CaCO 3 (s) and again eluted with hexane over a column containing activated Al 2 O 3 . Quantification and identification of individual compounds was done by respectively gas chromatography (GC) and gas chromatography-mass spectrometry (GC/MS) as described in Chapter 6. For stable carbon and hydrogen isotopic analysis, aliquots of two representative apolar fractions (A1 from 83.5-85.5 cm and 54.5-57 cm core depth) were eluted with cyclohexane over a small column filled with silicalite (PQ Zeolites, The Netherlands) to remove straightchain hydrocarbons. To be able to analyze the δ 13 C contents of sterols, an aliquot of the polar fraction of the 83.5 -85.5 cm sediment sample was subjected to thin layer chromatography (TLC), using the method of Skipski et al. [1965] . Fractions containing only sterols were recovered by sonic extraction (3 x) with DCM of the silica that was scraped off the TLC plate. The recovered sterol fraction was dissolved in 25 µl pyridine to which 25µl bis(trimethylsilyl)trifluroacetamide (BSTFA) was added. This mixture was heated at 60°C for 20 min. to convert the sterols into their corresponding trimethylsilyl ethers.
Compound-specific stable carbon and hydrogen isotopic compositions were determined on a ThermoFinnigan DELTA-plus XL isotope-ratio-monitoring GC/MS. The isotopic composition of alcohols was corrected for the added carbon molecules by using BSTFA with a known carbon isotopic value. The stable carbon isotopic compositions were determined by two replicate analyses, and the results were averaged to obtain a mean value and to evaluate measurement error. They are reported in standard delta notation relative to the VPDB standard. The hydrogen isotopic composition was determined on the silicalite non-adducted apolar fraction of 83.5-85.5 cm by three replicate analyses, and is reported in delta notation relative to the SMOW standard.
Results
Age model
Comparison of the 210 Pb activity of the upper 5 cm of the piston core with the 210 Pb profile obtained from the box core sediment indicated that the piston core-top is from somewhere between 1900 and 1950 AD, which was supported by the finding of a piece of plastic at the 0-5 cm interval. The calibrated radiocarbon age of the twig recovered at 94 cm core depth is 1000±50 AD. Based on bulk densities and the obtained data the sediment accumulation rate is estimated to decrease from 2 mm yr -1 at 2.5 cm depth towards approximately 1 mm yr -1 at 15 cm core depth, below which only a very gradual decrease occurs (see chapter 6). This implies that the sediment at 11 cm core depth should be from ca. 1850 AD. The calibrated radiocarbon age of the wood-chip recovered from 11-12 cm core depth agrees with that age if a correction is made for a growth-age of 40-80 yr, which may be a valid assumption because the appearance of the wood-chip suggests that it is likely derived from a full-grown tree cut for logging (see chapter 6). The thus constructed age model is comparable with the age model of a previously obtained sediment core from the depocenter of the fjord [Alve, 1991] .
Bulk sediment geochemistry
Total organic carbon (TOC) and nitrogen (TN) contents are relatively constant throughout the lower part of the core at approximately 1.0 % and 0.1 %, respectively up to 25 cm core depth, i.e. at around 1750 AD (Fig. 7.1 ). Above that interval the TN content increases towards 0.2%, while the TOC starts to increase until 2.6 % in the upper 10 cm. Furthermore, a clear shift in the C org /TN ratio from approximately 8 below 18 cm depth 
in which x is the compound of interest; n = carbon number of the nearest n-alkane eluting in front of x on GC; R denotes retention time. The numbers between brackets behind the diagnostic ions in the mass spectra indicate the relative intensity compared to that of the base peak. *see also (100) towards 12 above 15.5 cm depth (Fig. 7.1 ) is observed. The TN content initially increases with the same rate as the TOC content, which causes the increase in the C org /TN ratio to lag behind the increase in the TOC content.
Botryococcenes
Gas chromatography of the total lipid fractions of the extracts of the Drammensfjord sediments revealed a group of nine relatively abundant compounds that were present throughout the lowermost part of the core in varying abundances, but absent in the upper 18 cm ( Fig. 7.2) . GC/MS analysis of these fractions indicated that these compounds were C 32 -C 34 isoprenoid hydrocarbons with six double bonds or rings (Table 7 .1). Comparison of the mass spectra (Table 7 .1) with those reported in literature [Maxwell et al., 1968; Metzger et al., 1985; David et al., 1988] indicated that they are likely botryococcenes. Co-injection of an C 34 cyclobotryococcene authentic standard [David et al., 1988] with an apolar fraction resulted in co-elution with one of the sedimentary botryococcenes ( Fig. 7.2, compound 8) , while the mass spectra ( Fig. 7.3a) were identical. A favorable comparison could also be made between the mass spectra ( Fig. 7.3b ) of the hydrogenated authentic standard [David et al., 1988] , C 34 cyclobotryococcane (8H), and one of the products formed upon hydrogenation of the apolar A1 fraction of 85.5-88 cm core depth, indicating that compound 8 is indeed a C 34 cyclobotryococcene. The other compounds present in the hydrogenated A1 fraction exhibited similar mass spectra, although with varying molecular weights (Table 7 .1). The m/z of their molecular ions were not all clearly distinguishable, but characteristic ions at m/z >200 (i.e. 222 + 278; 222 + 294; 222 + 292; 236 + 294; 236 +292) that are formed through scissions of the alkyl chains around the acyclic quaternary carbon atom, characteristic for all botryococcanes [Metzger et al., 1985] , indicated that all formed botryococcanes contained either one or two cyclohexyl rings (e.g. Fig. 7.3c) . Thus, all evidence points towards the presence of mono-and bicyclic C 32 -C 34 botryococcenes in the lower part of the investigated core. No trends could be detected in the relative abundance of the various botryococcenes with depth. Compounds 2, 5 and 8 were generally most abundant. The production of different botryococcene isomers is highly sensitive to growth conditions, while botryococcenes produced by different strains show also marked differences [Metzger et al., 1991] . However, higher molecular weight members are generally produced during later stages of a bloom [Metzger et al., 1991] . For these reasons, all botryococcene isomers were lumped to quantify their abundance (Fig. 7.1 ). The stable carbon isotopic signature of the botryococcenes exhibited substantially higher δ 13 C values (-14 to -19‰) than those of sterols (-24 to -30‰) (Table 7. 2), which is in accordance with previous reports of relatively high δ 13 C values for botryococcenes [Huang et al., 1999] and their derivatives [Dowling et al., 1995; Grice et al., 1998b; Summons et al., 2002] . The δD value of the combined botryococcenes from 83.5-85 cm core depth was -277±3‰. Table  7 .1) present in Drammensfjord sediments, identical to that of an authentic standard [David et al., 1988] .
b) The product of 8 after hydrogenation of the apolar A1 fraction from 85.5-88 cm core depth, identical to the saturated product of the authentic standard [David et al., 1988] . c) One of the compounds concluded to be bicyclobotryococcenes, present in the same hydrogenated apolar fraction as b. The proposed molecular structure is tentative.
Discussion
The presence of botryococcenes in the Drammensfjord sediment ( Fig. 7. 2) can be related to the occurrence of the alga Botryococcus braunii race B [Metzger et al., 1991] , either in the fjord itself or in the drainage area of the river Drammen (Fig. 6.1 ). Three races of B. braunii are discerned on the basis of their lipid composition [Metzger et al., 1991] . The B race produces botryococcenes. The other two races of B. braunii (A and L) produce odd carbon numbered C 23 -C 31 n-alkadienes and lycopadiene, respectively [Metzger et al., 1991] . Monocyclobotryococcenes, part of the observed botryococcenes in the Drammensfjord sediments, have previously been detected in B. braunii race B cultures originating from Ayama Lake (Ivory coast) and Overjuyo Lake (Bolivia) [David et al., 1988] , and in cultures from the Berkeley strain [Metzger et al., 1991] . Furthermore, monocyclobotryococcenes have been reported in sediments of Sacred Lake (Mt. Kenya) [Huang et al., 1999] and in samples collected in the Darwin reservoir, Australia [Metzger et al., 1991] . However, bicyclobotryococcenes have to the best of our knowledge never been detected in B. braunii cells and recent sediments, although Grice et al. [1998b] suggested their existence based on their detection of sulfur-bound bicyclobotryococcanes in the Sdom formation, Israel. These results suggest that the observed (bi)cyclobotryococcenes have been produced by an unknown strain of B. braunii B race. It is, however, also possible that the bicyclobotryococcenes are produced by a strain capable of producing the monocyclic homologues but that environmental conditions caused them to also produce the bicyclic homologues. B. braunii is a widespread occurring alga, and has been reported in ponds, lakes and rivers at arctic, temperate and tropical latitudes. This microalga belongs to the Chlorophytae, and is most characteristic for oligotrophic lakes, although it has also been found in mesotrophic waters [Tyson, 1995b] . Though mainly observed at the top of the photic zone, there have also been reports of B. braunii under benthic conditions. The alga has been described as being important or common in humus-rich oligotrophic lakes, ponds and bogpools in Lapland, Sweden and Finland [Tyson, 1995b] . B. braunii not only thrives in fresh water, but also in brackish environments, connected with Table 7 .2 Compound-specific stable carbon isotopic contents (± 0.5‰) of various botryococcenes from two sediment core depths, as well as those of a number of sterols from the same sediment. Botryococcenes are numbered as in Fig. 7 the open sea. In culture, no adverse effect was observed for salinities up to that of seawater [Metzger et al., 1991] . In the brackish waters of the Baltic sea area this species is reported regularly, including the environments of the Kattegat between Sweden and Denmark [Woloszynska, 1935; Edler et al., 1994] , although only at salinities < 10 ‰. In the last decades B. braunii blooms have not been observed [S. Hällfors, pers. comm.] . Because the upper water layer of the Drammensfjord is permanently brackish due to freshwater discharge from the mainland [Alve, 1990] , overflowing more saline bottom water (Fig. 6.1) , B. braunii might be expected to be part of the algal community. B. braunii has also been reported in the fresh water bodies in the Oslo region until the early 20 th century [D.
Klaveness, pers. comm.], likely including lake Tyrifjord that drains into the river Drammen (Fig. 6.1) . Although lake Tyrifjord, the 5 th largest lake in Norway, was not included in surveys in the early 20 th century, B. braunii was very common at that time in the largest Norwegian lake, Mjøsa, which lies in the same area [D. Klaveness, pers. comm.] . This suggests that the molecular fossils of B. braunii observed in the sediment of the Drammensfjord may be introduced from upstream fresh water bodies. However, the δD value of -277‰ indicates that the botryococcenes were biosynthesized in waters with δD values of ca. -7‰. [Wang et al., 2002] , and the coupled fractionation of oxygen and hydrogen isotopes within the water cycle [Dansgaard, 1964] , combined with δ
18
O data obtained from Norwegian waters [Mikalsen and Sejrup, 2000] , suggests that the botryococcenes were biosynthesized in saline to brackish waters, i.e. in the Drammensfjord itself. B. braunii is indeed known to thrive in environments with intermittently saline conditions [Metzger et al., 1991] and an in situ production of botryococcenes in the fjord water would also best explain the preservation of these isoprenoidal alkenes, which may be oxidized relatively easy during transport in oxic waters [Sun and Wakeham, 1994; Prahl et al., 2000; Sinninghe Damsté et al., 2002b] . However, it seems uncommon for B. braunii to thrive in present-day, unpolluted settings comparable with the Drammensfjord.
According to the constructed age model, the molecular fossils of B. braunii disappear from the sedimentary record between 1800 and 1850 AD (Fig. 7.1 Tyson, 1995b; Kunz-Pirrung, 1999; Matthiesen et al., 2000] , and their disappearance from the fjord's sedimentary record may thus also be related with a hydrographical change. Water regulations in the drainage area of the Drammensfjord took, however, only place in the 20 th century [Alve, 1991] . This is substantially later than the disappearance of B. braunii from the Drammensfjord area ( Fig.  7 .1), which renders this scenario to be unlikely. The gradual decrease in sill depth, due to the isostatic uplift of Scandinavia [Pirazolli, 1991] , could also have affected the hydrography of the Drammensfjord. This may have influenced the circumstances for B. braunii if the alga was extant in the fjord itself, but not when the B. braunii molecular fossils are of allochthonous origin from the hinterland. It is striking that the disappearance of the botryococcenes is concurrent with the increase in the C org /TN ratio, while TOC and TN contents had at that time already started to increase (Fig. 7.1) . The first increase of TOC and TN contents can tentatively be connected with the first settlements of sawmills along the river Drammen and upstream water bodies that also took place around that time [Alve, 1991 and references therein] . The settlement of paper and pulp mills in the area led to an increased load of fibrous terrestrial organic matter, exhibiting a high C/N ratio [Aitkenhead and McDowell, 2000] . Degradation of the increasing amount of organic matter must also have led to a higher nutrient concentration in the fjord system, which is reflected in the TN profile ( Fig. 7.1) . This eutrophication gave then probably rise to a higher primary production, further increasing the TOC accumulation rate. The disappearance of B. braunii from the Drammensfjord or its tributaries may well be related with this early anthropogenic eutrophication. Indeed, according to Tyson [1995b] , the abundance of B. braunii is strongly influenced by its slow rate of growth and blooms of this alga are relatively sporadic due to the time they need to develop. Therefore, they require minimal competition and thus prefer oligotrophic conditions. Because of this, it is very likely that as a result of the increased nutrient availability in the fjord area, B. braunii was outcompeted by other, faster growing algae, resulting in their demise. The observed correlation of the disappearance of B. braunii with the early eutrophication of the Drammensfjord area suggests that the molecular fossils of B. braunii in sediments can be a useful palaeoenvironmental indicator for oligotrophic conditions. Even though in this case it most likely concerns an anthropogenic induced eutrophication effect, the same should be valid for natural occurring eutrophication mechanisms, generally linked to physiochemical parameters like variations in the climate or the oceanographical, hydrographical or geographical setting. Thus, the molecular fossils of B. braunii in a coastal marine sedimentary record may be used as an indicator of either a change in the fresh water input to a marine system, but also as an indicator of a change in the trophic state of that fresh water.
Conclusions
In the sedimentary record of the Drammensfjord, Norway, a suite of mono-and bicyclic botryococcenes, derived from the unicellular alga B. braunii race B, were present before 1800 -1850 AD, but absent thereafter. This can not be related with a change towards less fresh water input to the fjord but coincides with the settlement of pulp and paper mills in the area, which influenced the trophic state of the fresh water bodies in the hinterland of the fjord. Considering the preference of this alga for oligotrophic conditions, it is argued that this early eutrophication first led to the reduction of bloom concentrations to single occurrences, and later to the effective extinction of this alga from the fresh water bodies in the hinterland. It is proposed that molecular fossils of B. braunii fossils can be used as an indicator for oligotrophy, in addition to its current use as an indicator for fresh-water input to marine sediments.
